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INTERACTION OF WEAK SHOGK WAVES WITH A FIAME FRONT
- USSR.= 1 @ o

{Followi 1g is a’ traﬁslat’ on of an artio’e by Go Dn Salaman-i. e

1050 dpa cand To 0 Ts ‘Sevagi'ysnova in Zhurnal Tekhni Ckenk(‘;y Lo
‘Fisiki (Journal’of Technical Physice); VOL, ALLX, ho. -..4.,

‘*-"'Moscuw-Leﬂin rac., l\»ovem.)m 1959, paﬂes' 60~=~J.36’( } .

+« lhe actu..l ‘courde. of combus uia"x procesees in uechm al a'famraut.s

:I.s 80 compl..ace.ted by secondary congsiderations that .to take taem into
account would make anal:;sis of the phenomensa much mors difficult,
However, in any process of fuel combustion there oceurs a number of
comaon basix. phenomena asscciated with ike nature cf the combustion
process; this enables us to formulate a theory of the process regard-
+3ess o¢f‘the type of eppairatus used. Among those pnencmena which are
of great interest is the transition from slow. combusiion to detona=-
tion, when the flame passes through the e:s*p?LOS'g ve migcuare at a veloe=~

%y of several k:..lome"e"s per secmdc :

Sinue ’che s'fxock waves forml 1g before tbe flame front pla,

sube tan“c,..._l part in the formation of the detonation wave, an explana~-
tion of the role of shock waves in the c-rganivat:.on of the uOﬂlbLS'tZLO"l y
proces’" is of special interest., The machanism of formation of the y
ghock discontinuity before the flame front .can be reduced to the fol--a
lewing: - the expansion of gas during ccmbustion near the closed end
of a pipe leads to the formaiion of elementary cdisturbances, which
propagate in the gas before the fiame front. Since each succeeding

isturbance propagates in the gas to which the preceding disturbances '
have imparted a certain veloc.Lty and have somewhat increased its. . -
temperature, the velocity of prepagation of succeeding dieturbances
increases ‘continuousiy: “The! s"hocl‘: wave 'formswheﬁe the elementary
dLsLurnances co*werge. et S S P

s L
%

In the fi"st a'oproxima’clom tne "wo'blem of the mot*on of a
g2s before a fiame £ront during ccmb.zbtlo of an explosive mixture
in & pipe gealed on both ends can be redaced to the probliem of the
notion of a gas in front of & pistcn accelsrating in accordance with
the same law by which a flame actually ar-celerates. The prcblem of
the nmotlon of a gas enclosed in an infinite cyiinder. aourded én one =
end by an accelerating piston was solved by Hugonlot (1).




‘ The problem, solved by Hugoniot analytically, is easily solved
by the graphical method of charagieristic curves {2). The shock wave
forming before the flame fiont has a sutstantial effect on the further
progress of the combustion process.

It is generally accepied that the existence before the flame
front of a pronounced shock discontinuity, ‘capable of igniting the
mixbure, is an essential condition for transition from zlow combustion
to cdetonation (3). Transition from slow combustion to dstonation
can Le accomplished alsu in the case when & weak shock wave is formed
before the flame frout. The present work is in fact deveted to ex-
piaining the rcle of weak chock waves in the corganization cf the com=
bustion procesd, - SRR : SRR SR U S S

. Experimental Procedure. .. - . -n o o

For visualizing the process of the formation of a .shock wave
traveling before the flame fvont and unaccempanied by self-iuminescence,
an TAB~-ii51 mirror-meniscus device was used. - . - o o 0w

Photogranhy by the scanning method was supplemented.by.highf
spead photography, which made it possible not cnly to judge the
veiceities of the flame and the'shock waves, bub also vo record tie
frents of the shock wave and flame during their interactlon., An -
SVDSH-1000 guperhligh-pressure mercury—arc‘lamp_servedfas;tfewlight it
source in photography by the scanning method. . For the light source . .
during high-speed photography, a specially -constructed pulse tube - .
was used, generating high-repetition fiashes. = The design of this .
+ube is described in detail in Refereace (L)e - v 1 oo

The process was recorded on film placed on the ianner surface ..
of a mniformly revolving drumle - - Goon o rTode o foreoon
_Since the sensitivity of the TAB-451 apparatus foria given .
1light source depends on the width of the light beam pessing the
knife, the aperture ci the collimator was increased 2 0,7 mm for
ovlaining a clear picture of the development of the combustion
process, free of any superflucus details.-: . TR S

Photography embioyed’the so~called ddﬁélé-khifé'ﬁéﬁhéa;i{ﬁis‘
made it possible to a considerable extent to diagram the diverging.
beams of luminescence from the explosion. e .-




)

ment of ‘the combustion process was, conducted in stainless-steel p;pes .
with a eivcular cross-scctio 42 mmin dlameter and i’z p:l.pes 'with a .
square. cross«sec'blon of 36 5 X %05 mm. T e e gl

The investigation of the effect of shock waves on the dewelop=.

One of the chamber tions was fitted with glass uhrc:ugh
which the process was recozded. The lengih of the viewable pcr‘hion
of the pipe was 200" mm, The 1eng th of the sections with ut glass
wae 200, hOO ar d 1600 mn. lbe ovara 11 lenzth 6f 'Lhe pibe eouid be p
varisd from 400 to 2000 mm." By cianging the positio*x of ths gestions
(sic) fitted with the glass it was po ssible to photograph the process
- in any part of the pipe. 0"1 wne” of the 1lids sealinv the pive was
mounted a2 apar!'plw for _gn‘l’cﬁ.‘ the mixture; the ou.e‘ contel ned a. .
valve for dm awing off the alr :md 'reedinv in the expics:‘i.ve x..i:'.ul."eo o
HVdvoger--a:'vge Ry methane-o:qrgeﬁ, aqd ox:,*acetyle c. mixoures were. vzed o
as fuels ‘ , . SRR

oy ’

Such a seler‘tion of mixtures makes it possible to study the
formation of ghock waves and their interaction with the fiame frout
without theé need of an ext.'ﬂemaly long combust:wn chamber, ‘since . ..ot
ccmnnstion proceeds so rapidly in ‘these ‘mixtures that the shock s
wave forms at a relat.:.ve'jy s‘uart dlsx,ance from uhe pcint o; 1gnitian. e

The bydrogm-owgen and mcth,*ze-oxygen muctures were con-
stituted by volume and stored in tanks without having been dried..
pr:.or to’ being fed into 'the pipe.  For preparing and storihg the
oxyacetylene mixtures, a spe cla.l mixing unit was used; equipped with .. . -
an agitator, The mimure was cons‘cﬁa tm’oe'l accordlng to pressure. U

Experimental Resclts and Their Discussio;; R

AII exneriments 6 deternrurva the distance between the points -
of ignition and formation of the shock wave X were conducted in a
pipe with circular cross=-secvion and. L2 mm in diameter. The leng‘oh
of the pipe was salected so as ‘to’ preolnde ‘the’ partlcipation of
_ disturbances, reflected from the end of the pipe, in the fo"mation
of the ‘shock wave., The resuiss obta:mec., desrrlbi*lg ‘the n:e.gmtude o el
of X as & Tunction of ;bhe percerrbave content of fuel in- the mixwre, et
are shown in Figire 1." 'The distance Lietwsen the points of igrition
and formation of the shock wave is 1a1d out along thns ordinate axis,
and the percentage content oi fuel in the mix’oure -= along the abscissa
(conversion o ‘true content of fuel in the mixture was not performed) .
The points denote average values, obtained from 5-6 experiments.




Experlments with the hydrogen-oxygen mixtmres were conducted w* th
three initial pressures of thé ‘mixture: 100, 600 and 720 wm Bgeo. oo
The methane~cxy4en mixtures were ignited. under gn initial pressure .. . ..
in the chamber of 700 mn hg, and the omaoetylene mixtues - under )
a pressure of hOO m Hv. . S ..

~

“As ‘seen’ from Figu:*e 1; the curves fo;” ,a..l tnree i xtures s f
describing the magnitude of X as a function ‘of the. perce'rbage eﬂntent
of ;upl 1.3 the muc ure, hava the :ﬁ‘orm of chves with-a minimum. L .; Qo

’ﬁ"‘guze 2 rlots the value of X as a functio.g of the ,.n uie.'?
pressure of the mixture in the p.‘.nen wr stoic.lﬂiomptv‘ic mixbures of
hycrogen cnd oXggeil, ‘methade and oxygen, end ‘acetylene and oy gen. ,
With a rise in 1niti‘.1 pressure the digtance beimwéen the points of . .
ignition and ‘thé appearaince of the shock wave decrdases. In the .
hydrogen-oxygen and o:qracetylane mixtures thls is especially pro—

nounced, L S T TR

As already noted above, 'bhc distgn.,e betvreen tne poims of ‘
ignition and appearance cf the shock wave can, in the first app*ox-
imatio*xg be regarded as the distance aa mn.c-b &~ shock wave will form
in front ¢f a'plston accelerating in : ccordance 'm'bh the same law
by which a ﬂame -actually accelera‘beu._. R R S S E DR

. ,_1-.. ’ ’ o S

Acc.brcb.ng tO Hugomot, P Sone & i.ea, the d:.s uauce ut wkic"a :

the elé'ne*ltary compression mves ov’é:mke sar'h other, to _forn a
shock wave, depends on the velocJ.ty of ‘soind in tae medium a:xd the
acceleravion of the p ston, T KPPV

Since the gccelerat ting propagation of the flazme is the cause
of the clementary disturbances from which the shock wave is fuz'med,
the reason for the accels eration of the ﬂc.me fr«mt in this. suage oi‘
propagation uakes on special intereste T

SR TN

Assum‘lnv that acceler ‘uion of tne fJ.ame in the .Lnitlal stage
of propaoation 1is caused by tu“bulence o-P_ ‘m mixture before the ... ..
flame fromty’ Shchelkin (3) derived an’ express;.on relatim the. dn.stance o
between the po nts of ig;ﬁim.on and i‘ormquim of the shock wave to . .
the physico-c‘wmicu. parame uers of t*e mu,wre, m the form
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The distance from the point of ignitica to where the shock
wave' foriis is proportional uO the diameter of the'pipe di it in-.... .
creases with an increase in ithe velocity of sound and decreases. with N
an increase in the normal velocity of the flame Upe '

n

!

Wl a change in the composition of tbe m,.xture, the value of " - -

X can vary &s a result of a cbange 1n novmal ve;.oc:.ty as we"l as in
the velocity of sound. L .

.f'f,.'

= LI

Let us cons ider. the .Lozz:xa.,lon oi‘ a sho k wave in o "» tylene e
mi-’tures in which the welocity of- sowd is prgcfi cally 1nc’ 2ne JT'.:.J“'lu of "
the percentage ccatent o“ he gsetylene’ in thé mixture.’ ds the’ cu.we
degcriling the dc.pendance ‘of the ﬂumal velocity of theé'fiame of:
oxyacebylene miztures cn tiie’ pnrceatave contert of ace"ylene ‘has *wo e
maxima (), in contrast to ='in11cw ur"es fo" other fuels, the rela-
tionship between the vaiue of I and the centags content of ace‘c-ylere
in the mixi ure mdst be characte:ized by a cufve wwth two m:‘.nwa

In Shehelkin's fu*mula. pressure is not regreqented clec.rly,
In the range of. pressure change studied by us, the normal velocity
of the flame of c:yvacenylene mixtures doss nct depend on- préssure
(6). Since the velocity of sound in the mixtare aled does not depend
on the pressure, we can expect that ,the value of X is .;ndegemen't of
the i ui"‘" pressme of tae m:(.xtare. ' :

The experimental data o"stalned ny us are 1*'1 contrad:.ction w* ’ohri'
formula (1). - ‘
in 2nalysis of tha course of the combustion pv-oe:bsw dwi::g
the initial period of I‘lame propaga*von shows thats after igm.tion
of the mlxture at the closed end’ of 'tne pipe, there occurs 'in the -
reaction zone, ‘together with 2’ large drop in pressure, ‘a” s;gnifican'b'
increase in the specific volume of combuition products’ in’ comparison
with the specific volume of ‘the mixture beforé combusticn. - Combus=. .
tion near the ‘closed end of the chamber proceeds with ever-increas- -
ing pressure ‘aad tempe rature. ‘Under these conditions it'is ‘doubtful .
whether it'is expedlent to 2ink the accelel ‘tion of the fisme in- the .
initial stage of. propaga 'ion w*th une r rma"' veloc ty of ’ohe flame.

Role of Wee.k Shor'k Waves in the Organization of the .
" Process of Combustibn of Explosive Mixtures "n Pipes e ;“:

,The shock waves fo:m,ing before the flame front have a suostan-
tial effecb on the course of the’ ‘combustion process. Dependmg on in
what stage of ‘development the' shock wave interacts with the flame « .-
front, combustion of the mixture in a‘pipe ca*x be nbrat:.cnal s 1‘5 can"

g
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be charact erized by flar bac&s of the ﬂame, br transition from slow :
combustion 4o detonatzm can’ occur. LT R U

To illust"ate ..he above let us 1ntroduce sever pn t g, aphs
of 'bhe combastion prOcess. B S

In a11 the photographs ’ohe i‘lame propagates horizontally while
the film travels in the vertical direction, Scale markers; appear-
ing-atequal intervals from the ends of the viewable pcr"r,w on of the
chimber, sre registered in. the fc”m of ‘black. stmpeq ruzmd g parallel
to the time axis,  Since the pPhoag graphs were taken o7 the double=-
biade method, a1l optical *\on“uiforrritlns -~ poth the regicus of -
comprezgion as well as the regions of rar fac Lion w _are re“ov-ded 5.“

L

the form cf dark 1ivxes againsw a E.J.gnt *oackrf'omd. L

Figl_re " GROWS" & time sian -of. tnq rombuutlon of & stoifw'
hioretric rydrogev— Eygen ‘wixture in & ,J.‘Lpe with circvlar cross-
section- a'ld a length of hO Cle' e e

The weak ShOCn wave (M = 1.5) is refléc sted from the end of the o
pipe. a'.imost immediately after it-is. formed. . Te intensity of the '
dirfinishing shock wave is insufficient to .Lgnlte the mixzbure vefors

the flame front. App*c*vimate;.y 200 microseconds ‘after the shock =
weve is reflected from the end of the pipe; & naw focus of combus—
tion eppea g at this end, propageting at. detonat:.on velocity toward
the first flame front. Propagation of the new focus of comb\,.stmﬂ o
does not always oceur ab detonation velocity. SRR

riguv'e 0 (le%) s‘wws a tnnex sca:'.,of‘ the co*n’oustmn of a

stoichiometric methmeoozqy°m mixture near the bubt, girface of the'

ipe with square cross—section. On the- right is ‘a geries of spark
photographs of. the same phase. of ‘the process, The flame front
propagates fronm 1eft. to right. T ) compression waves, from ‘which .
the shock wave is formed, can be seen c.Learly préceding’ t"xe flame
front. : During . refleﬂtiuu of the shock wave from the end of ‘the - et
chanber, there arises a .new focus of combuation, prepage ting “toward
the .fiame front. Howevem in. this cage, ccmbustlon is. ‘not of a de- -
tonative character. The formation of the new focus of- conbustion
is accompanied by a more intense glow Liaan that of the. first flame.
This is na®tural inasmuch as av. tue enci of the pipe a hi,,hly co'npress-
ed mixture is burniﬁg.

i The sppearan" o" a new .Locus oi‘ combustion during reflec-
tion of ‘the -shock wave from the wall does not, of course;. exhzust -
the variqus cases of the. ei‘fect of weax shoc’c wares o"'x the prog*'ess
of the combustion process. R o
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Figure 5 shows a time scan of the combustion of a steichlo-
metric mixture of hydrogen and oxygen in a pins with cireclar cross-
section and 60 mm in lemgth. It is readily seen that the distance
from ignition to the pcint of formation of the shock wave does nobt .
deperd on the length of the chamber if the chamber is sufficiently
long to prevent the compréssion waves, roflected from the énd of the
chamber, from participating in the formation of the shock wave. -
Since the intensity of the developed shock wave decreasss with the
distance between the wave and the point of its formation, neither
tha direct nor the reflected shock wave is capatle of izniting the
mixture. Upon interaction of the flame front with the ghouk wave
reflected from the end of the chcrber, the flame front is repulsed.
For a clear exsmination of the détails of the interaction ol the e
sheck wave with the flame front, time scans cf the combustion praocess
were obtained, togethar with high-spead photographs of that phase of
development of the process which interested us. Figurs 6a (left) - '
shows a time scan, while cn the rignt ls a series of high-speed -

photographs of the same phase of the processs -

Clearly visible aré the change in the form of the flame
front during its interacticn with the shock weve and the dppearance
of disturbunces before the flame front, traveling counter to the
shcekk wave, P

Figure 6b shows the propagabtion of ‘the flame efter its in-
teraction with the shock wave. As in the preceding vhotographs,
on the left is a time scan of the process and; on the right, a‘geries
of high-spesd photogrephs of the szme phase of the process. - The
flame front, propagating through ths medlum previously vpreparect
by ¢isturbances arising during reflection of the shock wave from
the flame front, assumes a unique form. ' Behind the fiame front
stretches the long comet's tail.. LT T e e

" 'The. interactiod of’a weak shock wave with the flamé front-
can lead to the. appearance of a detonation wave, as seen from
Figure 7, which shows a time ‘sceh of the combustion of a stoi- .-
chiometric mixture of methane and oxygzeu in a l-metér chazber with - °
civeular cross-section. During combustion of the same ‘mixture in -

a long chamber, when the shock wave ‘peflacted from the end ‘of the .
ipe does nob participste in ‘the formation of the detonation wave,
slow combustion develops into detonation at a distancs 0£:320 “cm

From the photogréph it can be seen that the interaction of
the weak shock wave with the fiame freut precedes the interaction
of the shock wave with the waves which have formed later. I

-3
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The propagatlon of the i‘la'me throagﬂ a. meaimn wbich hes bee

"prepared" 'by the shocx. wavea is of -a. de-..onative charawer

xhe transition to detonatim propagation of the f‘.'.ame can '
occur also without the flame front bei"xg actéd uwpon by the ehock &
wave forming before the fiame front as a result of the accelerated;_- '
prcpaga'bien of the flame in uhe initial stage.

SLch a aevelcnment of the prccess is reccrded in F:.gu o 8, ’
which shows a time scan of the ccmbastio*x of a sm" cru..e w:.c
hy caegen—-oxygea m...‘cture in a 2-meher cn..mbe;. ' ‘

- The shcc’c waves o"m.*mg be i‘ure the fiame fror in t e pre- e
detonation staze play a svbstantisl part in the ora.zss.’oion from
slow combus’ 2‘i.en to detonation. 'I‘he"r créate an acceélerating flow -
of gas bvefore the flame frond, wnioh facilitates tae transition
to detonation. %The change in the form of “he Tlsme’ front dvring
transition from slow comoustim o detohat:..on was exa*n,.ned .m .

Reference \7) B R

" Comeluzions

1. Experimenus revealed that tue c’n.s tance belwesn the
soint of igniiion and the point of xo“mation of tne ’neck wave -
is mge'xde'ro on the composition and i"a...ma.u. pressure ‘of the burning
pixture duri .g combusti on of efplc ive m:uut.res in & p}.pe c] csed .
at bouh eads A _ TR R

2. . Tbe :mueraction of weak s‘wc&: wavee w*th Lhe flame fron‘b
was examined. It was shown that the detohatloq wave cen ar:Lse R
both du-*ing interaction of the flame front with a weak ‘shock wave
formed in the initial stage of flame propagation, as well as from
the propagation of the flame in a medium previously prepared by

the shock waves foming in the p"edeuonation stage of flame propa-

gation, - T:ansi.tion from silew combustion to detonetion can occar B
as a result of self-acceleration of. the’ combugtion process, caused‘ '
oy a weal«- ehock Wave reflected from the e d of t.ne plpe. A

The work was conduct-ed the L""o“atowy' of‘ the Dh*'sics "

cf Cotbusiion; Power Engineer ing Institute, 4S USSR, un der the
direc tim of A., S. Predvod;.teiev, Correepondlnv Member, A4S USSR,
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